INTRODUCTION

M
etals have been the focus of applied atomic spectroscopy from the very beginning of its use. The interest in trace metals has led to the determination of their concentrations in successively lower levels in a variety of samples. The quest for the background level of platinum in blood, that for the levels of gold in open ocean water, or that for femtogram traces of Roman lead in the twothousand-year-old Arctic snow and ice layers is no longer a ® ction. Inorganic trace analysis is entering the 21st century as a well-established ® eld of analytical chemistry. 1 In the real world, metals seldom exist in a native condition or as free ions. Usually, they occur as part of a species resulting from a series of natural bio(geo)chemical processes. 2 This fact has long been a nuisance for those analysts who take quality assurance seriously. Species have had the bad habit of behaving in solution differently than free ions, thereby being responsible for nonquantitative separation yields. They do not evaporate uniformly from the sample, often hampering direct analysis by electrothermal vaporization techniques. Finally, different species of the same element are not atomized or ionized in an excitation/ionization source in the same way, thus making the elemental response of a detector dependent on an unknown species.
The struggle to force the bound metal to behave like a free metal was won with the arrival of an analytical plasma the ultrahigh temperature of which depletes the metal for excitation or ionization no matter what its original form. 3 Ironically, each species carries a message which is vital for the evaluation of the metal bioavailability, and hence its toxicity or essentiality, and for the understanding of mechanisms controlling biological life. 4± 6 Toxic and bene® cial effects in medicine and biology should not be attributed to an element itself but to element compounds with distinct biological, physical, and chemical properties. Consequently, information on a metal which is based uniquely on its total concentration has been recognized not only to have little meaning but often to be misleading. The question of how to access this molecular information has become one of the most challenging issues of analytical chemistry during the past decade because of its impact on environmental chemistry, occupational health, ecoand clinical toxicology, and foodstuff, pharmaceutical, and energy-related industries. A novel ® eld of research called``speciation of trace metals and metalloids'' has been emerging as a fruit of the wedlock of inorganic and organic analytical chemistry. 4± 11 Figure 1 illustrates the theory of classic trace analysis and that of speciation analysis. Whereas the determination of trace elements can often be carried out directly by using a spectroscopic technique, speciation analysis usually requires a separation
FIG. 1. The theory of inorganic trace analysis vs. that of elemental speciation analysis. Separation techniques are printed in red, whereas detection techniques are printed in blue. Ai, analyte species; M, matrix constituents.
step prior to detection. Another principal difference concerns the concept of separation. In speciation analysis, the isolation of all the forms of an analyte element from the matrix (as employed in elemental trace analysis) needs to be followed by a more re® ned separation of these forms from each other. The rapidly growing interest in elemental speciation has encouraged the development of a new generation of analytical techniques that allow discrimination among the different forms of a metal or metalloid. 12± 18 These species-speci® c techniques, which rely on the on-line coupling of a high-resolution chromatographic separation with an element-speci® c spectroscopic determination, are the subject of this article.
ROOTS OF SPECIATION ANALYSIS
It has long been known in biochemistry that essential metals interact with a variety of ligands, and that this is the complex that should be considered in order to elucidate the role of the metal. The harmful effects of the chemical forms of trace metals in toxicology were recognized only after the death of 50 residents of Minamata, a ® shing village in Japan, who had experienced the biomethylation of mercury in their everyday food. 19 The spillage of tetraalkyllead in the Mediteranean due to the M/S Cavteat crash made the analytical community sensitive to organic forms of lead. 20 Extinction of the oyster population in the Arcachon Bay in southern France stimulated interest in the possible release of butyltins from antifouling paints. 21 The above cases raised the need for knowledge of the concentration of a particular species, de® ned the suspected analyte and analytical sample, and, consequently, stimulated the development of analytical methodology. Analytical chemists were seldom involved at the beginning. Classic high-performance liquid chromatography (HPLC) with ultraviolet (UV) detection and gas chromatography (GC) with electron capture detection, with their inherent simplicity and drawbacks, were used. Interest in species-selective instrumental analysis was raised among the analytical community by gas chromatography practitioners, who ® rst came to appreciate the advantages of an element-selective detector in mid1960s. 22 The development of the moiety-selective electron ionization mass spectrometry went along with that of element-selective microwaveinduced plasma (MIP) atomic emission spectrometry (AES) for the determination of organosulfur and organohalogens. Later, these techniques proved to be naturally suitable for volatile and thermally stable organometallic compounds.
The term elemental speciation, as we understand it today, was coined, however, by spectroscopists who, dissatis® ed with the limited number of elements in the periodic table, set out on a quest for new analytes. The number of research papers on speciation has been truly impressive since the landmark paper of Van Loon, 23 but, unfortunatety, the natural chain of questions (Speciation:
Why? ® What? ® Where? ® How?) leading to publication of research has now been totally reversed. The momentum is coming from the manufactures of analytical instrumentation, who are looking for new markets. It is the availability of an expensive instrument (e.g., of an ICP-MS) that answers in many instances the ® rst question,``Speciation: How?'' The``What'' (analyte) is easy to ® nd in a chemical reagents catalogue; fewer authors arrive at ® nding a``Where'' (sample), whereas hardly any paper on speciation published in an analytical chemistry journal really bothers about the question that should actually be fundamental,``Speciation: Why? ' ' The why, what, where, and how pathways to elemental speciation analysis are schematically illustrated in Fig. 2 ed gasoline, organotin from the antifouling paints) and for the toxic redox states [e.g., Cr(VI), Sb(III)] has long been the principal area of interest in speciation. Much attention has been devoted to the biomethylation of metals (especially of Hg) and metalloids (e.g., As, Se), since the resulting form(s) can have a different toxicity from that of the original species. Because the management and remediation of soils and waste dumps (inluding nuclear waste) is dependent on an understanding of the biogeochemistry of a contaminant, a lot of research has been devoted to the geochemical mechanisms of transport and interactions of dissolved organic matter with heavy and transition metals in natural waters, soils, and sediments.
Ecotoxicology. Homeostatic control, metabolism, and detoxi® cation of a number of essential (Zn, Cu) and toxic (Cd, Hg, As) trace elements by environmental biota has been in the focus of interest because of environmental and economic consequences. The most well known area is research on metallothioneins (MTs), which are a group of nonenzymatic, low-molecular-mass (6± 7 kDa), cysteine-rich, metal-binding proteins, resistant to thermocoagulation and acid precipitation. The methylation of mercury and the formation of arsenobetaine and arsenosugars in marine fauna have been two other major ® elds of intense speciation-related research.
Food Industry. Contamination of foodstuffs (oysters and mussels by organotin, ® sh by methylmercury, wine by automotive lead emissions) is the most prominent area of importance of speciation. Prospects for legislation on the basis of speciation are serious because ® sh, shell® sh, and wine are important commodities; export markets have strict legal requirements for Hg, Sn, and Pb; and the toxicology of these elements is well known with respect to the chemical forms. Large arsenic contents in foodstuffs no longer frighten consumers since it was proven that practically all the arsenic is present as nontoxic arsenobetaine. Related areas of concern include release of organotins from PVC packings and the fate of some arsenic-containing animal feed additives.
The dependence of the bioavailability of nutritionally essential elements (Cu, Fe) from dietetary sources on speciation is another important commercial consideration. The use of Se and Fe in supplements is increasingly popular; the risks and bene® ts to the consumer are, however, not known, especially in view of the narrow range between toxicity and essentiality for these elements. The possible link between low and high dietary copper and cardiovascular disease requires that the appropriate dietary range be established. The storage characteristics of some foodstuffs can also be affected by speciation. Free Se and Cu ions have been found to be responsible for the deterioration of milk and the rancidity of oils and fats.
Occup ational Health/Hygiene. The toxicity of the element being dependent on the chemical form, identi® cation of the chemical volatile species and inhalable particles at the workplace is at the center of interest in industrial hygiene. An example is the directive for Cr(VI) concentration in welding dust. Further, the study of kinetics of a trace element due to industrial exposure in the body is not possible without information on speciation. Biological monitoring of trace elements by measuring biomarkers of exposure (e.g., speciation of arsenic in urine) has therefore been attracting increasing attention.
Clinical Chemistry and Medicine. Metalloproteins have a number of vital (regulatory, storage, catalytical, transport) functions in humans. The largest interest is attracted by essential elements, which include some transition metals such as Fe, Cu, and Zn associated with ferritin (Fe, Cu, Zn), b -amylase (Cu), alcohol dehydrogenase (Cd, Zn) and carbonic anhydrase (Cu, Zn), and other proteins. The oxidation states of these elements (redox speciation) are of concern as well. The interest in elemental speciation in breast milk is stimulated by the species-dependent difference in bioavailability of trace elements for formula-fed and breastfed children.
Metals are components of many therapeutic drugs. A wide range of Tc compounds (e.g., Tc-labeled antibodies, Tc-mercaptoacetyl glycine com- Clinical chemistry is apparently the most promising ® eld for speciation analysis that is still unexplored, because of the inadequate sensitivity of the instrumentation available, along with the often low thermodynamic stability of the analytes. Indeed, only speciation studies of drug-related metabolites are readily feasible because of their relatively large concentrations in body¯uids.
Industrial Analysis. The primary concern is Fe-, V-, Co-, and Ni-containing geometalloporphyrins in the petrochemical industry. Their behavior during distillation and re® ning of crude petroleum and oil is different from that of simple ionic forms of the above metals, which raises the danger of fouling the catalysts. Release of organotins employed as catalysts in the production process of pharmaceutics and stabilizers of polymers used as packing materials requires analytical control of the intermediate and end products.
SPECIATION: WHAT AND WHERE?
Species of interest in view of speciation are summarized in Table I . They fall into three basic categories. The ® rst category is simple redox states: the species is a well-de® ned cation and anion. The second class is organometallic compounds, which are characterized by the presence of a strong metal± carbon covalent bond that does not undergo dissociation. The last but not least group includes metal complexes: the metal (metalloid) of concern forms a coordination bond binding to a ligand (or ligands).
The de® nition of a target species (moiety) is often problematic because of the complexity of realworld systems. For example, speciation of mercury in biological tissues is usually understood as the differentiation between CH 3 Hg 1 and Hg 21 . In reality, however, these species hardly exist as ions. Both methylmercury and Hg 21 can form covalent compounds with a counterion, and coordination complexes with ± SH aminoacids, and they bind strongly to cystein residues of metallothioneins or larger proteins. In turn, metallothioneins can polymerize to form dimers and higher oligomers, each of which can bind (methyl)mercury. This is why the analytical target should be de® ned a priori in terms of our needs, the latter usually resulting from eco-or clinical toxicology.
The target species should also be considered in terms of thermodynamical stability and kinetic inertness. The time scale of the analytical method should match the lifetime of the target. Although metal ions can interact with many organic ligands, labile coordination compounds cannot be separated or analyzed directly. In this case calculation based on equilibrium constants is sometimes the only feasible approach to the identi® cation of the species. A change in the ambient physicochemical conditions often disturbs the existing acid-base, redox, and complexation equilibria in such a way that the species ® nally determined may not re¯ect those that had originally existed in the sample.
Finally, cases in which the analyst is looking for a compound that he or she expects to exist in the sample as a result of some former industrial activity (e.g., organotin or organolead compounds), or as a result of a wellknown biochemical process [ e.g., MeHg 1 or Se(CH 3 ) 2 ], are rare. It often happens that a signal is produced by the detector, but the species responsible for it cannot be identi® ed.
SPECIATION ANALYSIS: HOW?
The success of an analyst searching for a given organometallic moiety depends on two factors. First, he or she must be sure to be determining this and not another species (selectivity). Second, the detection limit (sensitivity of the detector and noise level) of the instrumental setup should match the analyte's level in focal point
FIG. 3. The need for an element-selective detector. A GC/MIP-AES chromatogram of a harbor sediment extract derivatized by a Grignard reaction. (a) Nonspeci c detection (193.0 nm, carbon channel); (b) element-speci c detection (303.4 nm, tin channel)
. 24 the sample. Intrinsically species-selective techniques, such as Mo È ssbauer spectroscopy, X-ray photoelectron spectroscopy (XPS), electron spin resonanse spectroscopy (ESR), or mass or tandem mass spectrometry (MS or MS/MS) usually fail at trace levels in the presence of a realsample matrix. Some ions can be determined directly by solution spectrophotometry (e.g., MnO 4 2 ), or following a species-selective reaction [e.g., Se(IV) by hydride generation], but, typically, species selectivity is achieved on-line by a high-perfomance separation technique (chromatography or electrophoresis). Nonspeci® c detectors [UV,¯ame ionization detector (FID)] suffer from a large background noise and poor sensitivity. The superiority of an element-selective detector (an atomic or mass spectrometer) that is able to ® lter the analyte signals off a complex background noise is clearly demonstrated in Fig. 3 . Analysis by a coupled technique is often preceded by a more or less complex wet chemical sample preparation. The latter is mandatory in order for the sample to meet the conditions (imposed by the separation technique) in terms of the form to be presented to the instrumental system. There is a tendency to integrate this preliminary step into the whole experimental setup.
The abundance of coupled techniques and sample preparation approaches available for elemental speciation analysis is shown in Fig. 4 . The choice of the separation technique is determined by the physicochemical properties of the analyte (volatility, charge, polarity), whereas that of the detection technique is determined by the analyte's level in the sample. This is the sample matrix (air, water, sediment, biomaterial) that dictates, in turn, the choice of the sample preparation procedure.
Separation techniques for speciation analysis have been comprehensively reviewed. 25 For species that are volatile or are readily convertible to volatile ones by means of derivatization, various modi® cations of gas chromatography comprise the method of choice. 26, 27 Species that do not full® l the above requirement are separated by ion-exchange or reversed-phase chromatography. In particular, proteins and other biopolymers are separated by size-exclusion (gel-permeation) chromatography. The physicochemical similarity of many proteins stimulates the use of electrophoretic techniques for ef® cient separations. 28 In terms of detectors, plasma spectrometric techniques are favored over atomic absorption spectrometry (AAS) because of their much higher sensitivity. 5, 25, 28 Microwave-induced plasma (MIP) atomic emission spectroscopy (AES) is the choice for GC, 4,29,30 whereas a more energetic in- ductively coupled plasma (ICP) mass spectrometry is the choice for LC and capillary-zone electrophoresis (CZE). 5 Element-speci® c detectors do not allow for the identi® cation of the species eluted. This drawback gains in importance as the wider availability of more ef® cient separation techniques and more sensitive detectors causes the number of unidenti® ed species to increase. Therefore, the prerequisite for progress in speciation analysis is a wider application of sensitive on-line techniques for compound identi® cation, i.e., mass or tandem mass spectrometry.
Cryotrapping/Thermal Desorption-b ased Techniques. These methods are particularly attractive for volatile (bp below 200 8 C) species and for those that can readily be converted to such by means of a suitable derivatization procedure (hydride generation or reaction with sodium tetraethylborate, NaBEt 4 ). Such species are present in the gaseous fraction of air, can be purged from aqueous media with an inert gas, or can be thermally desorbed from solid samples. In the classic setup (shown in the right part of Fig.  5A ), the analytes are cryofocused at the head of a rugged U-tube ® lled with a GC sorbent and then time-resolved on the basis of their boiling point by gentle heating of the trap. 31 A quartz furnace atomic absorption or an ICP mass spectrometer is typically used for detection. Although the setup is not commercial, several laboratory-developed systems are operational. Field sampling of air (left part of Fig. 5A ) consists of passing it through a ® liter and a moisture trap and trapping the analytes on a sorbent tube that is connected to the analytical setup and heated to release the analytes.
In an advanced approach ( GC column is used for cryotrapping the analytes, whereas the separation is carried out on a capillary column after¯ash heating of the trap. 32 In terms of instrumentation, the system is easily assembled from commercial components available from several suppliers (purge-and-trap injector and GC oven). Other advantages include a smaller sample intake, a higher resolution, easy coupling with MIP-AES and ICP-MS, and a higher sensitivity because of the small dead volume of the system.
The simplicity and large preconcentration factors of purge-and-trap techniques are outweighed by their unsurmountable limitation to species that either are volatile or can form very volatile derivatives. Consequently, the commercial interest is restricted to speciation of alkylmercury, alkyllead, butyltin, and methylarsenic. The market for this type of analysis includes primarily research in biomaterials, foodstuffs, and soils; the commercial success of purgeand-trap techniques is going to depend on the integration of the sample preparation procedure into the instrument to be sold.
Capillary Gas Chr om atography-Based Techniques. Packed columns have given way to polymethoxysilane-coated open-tubular megabore or capillary columns. The latter offer higher resolution, provide sharper, more concentrated bands, and may be operated at lower carrier gas¯ow rates, which also improves sensitivity. 26 The increasing resolution when moving from a packed to a capillary column has been demonstrated for the pentylated organotin compounds. 33 The high resolution of capillary columns is essential for the analysis of complex environmental samples. The inert nature of capillary columns also makes them superior for the separation of organometallic species containing very polar bonds (metal-halogen) that may strongly interact with the packed column, often resulting in the decomposition of the analyte and peak tailing. Other advantageous features of capillary columns include¯exibility, ease of use, and diversity of coatings available. Aluminum-clad high-temperature GC columns enable the separation of thermally stable compounds with retention indices exceeding 6000.
The disadvantages of capillary columns are their restricted capacity and the fact that usually only 1 m L of the analyte solution can be injected without column overloading. This is only a fraction of what can be introduced with a packed column and, typically, only a tiny fraction of the derivatized extract available. Thus, in terms of experimental sensitivity, the performance of capillary GC with element-selective detection is often degraded compared with that of a purge-and-trap system or of a system using a packed column, un-focal point
FIG. 5. Analytical setups based on cryotrapping and thermal desorption. (A) Analysis of air by sorbent-packed U-tube low-temperature thermal desorption atomic spectrometry; (B) analysis of aqueous samples by purge-and-trap capillary GC atomic spectroscopy.
FIG. 5. Continued
less a method to inject more sample on the capillary column is developed. Recent advances in electronic pressure control and retention gap techniques have made large volume injection on a capillary column possible. 34 However, in many cases the large throughput of solvent dirties the detector, which results in the degradation of the analytical performance of the system. An alternative approach is removal of the solvent on-line prior to transfer of the analytes onto the column. 35 The principle of automated preconcentration based on the differences in volatility of the solvent and the analytes has been discussed in detail elsewhere. 35 Atomic absorption spectrometric detectors, which were a landmark in GC metal selective detection 15 years ago, look somewhat obsolete now but still enjoy considerable popularity because of their robustness and availability. Their role is being taken over by plasma AES, which, in turn, is being undermined by ICP-MS. Despite the popularity of MIP-AES boosted by commercial availability, 36 the stabilized capacitively coupled plasma seems to be an interesting alternative. 37 The position of electron ionization MS techniques is strong. Their possibility in terms of compound identi® cation (often at the expense of detection limits, however) outweighs the problems occurring with background from complex matrices.
The main practical application of capillary GC is for speciation analysis of butyl and phenyltin compounds, small amino acids (selenomethionine and cysteine) and, most importantly, metalloporphyrins in the petrochemical industry.
Liquid Chromatography-based Techniques. The lack of ability to volatilize many metal-containing species (especially those of biochemical interest) has stimulated the use of LC in speciation-related research. Modern HPLC techniques are fairly versatile owing to the diversity of separation mechanisms available (reversed-phase partition, ion exchange, and size exclusion). The major problem has been to achieve a detection sensitivity suf® cient to match the analyte level in a real sample. The salt and organics-rich LC mobile phases suppress the signal and are responsible for many physical and spectral interferences. Despite some research dodging the insuf® cient detection limit of¯ame AAS by ® nding real samples unusually rich in cadmium, 38 the dominant role of ICP-MS as a detection technique is unquestionable. ICP mass spectrometers generally possess the transient signal acquisition capabilities; for some of them, accompanying chromatographic software is available.
Because the straightforward coupling of HPLC with ICP-MS suffers from the intrinsic loss of 98% of the analyte (and thus of the signal) in the spray chamber, advanced interfaces based on a direct-injection nebulizer (DIN) 39 and hydraulic high-pressure nebulizer (HHPN) 40 of generating hydrides. 41 Chances for market success of postcolumn units for the chemical (microwave-, UV-, or thermally assisted) volatilization of analytes to increase the detector's sensitivity should be treated with a dose of scepticism, although there is no doubt about the effect of these devices in boosting the rate of speciation-relevant publications.
The tolerance of plasmas to organic solvents can be increased with the 40-MHz free-running generators available on several ICP-MS spectrometers. Polyatomic interferences can be eliminated by using a highresolution magnetic sector instrument, but its high cost hampers a wider expansion. For some elements, axial ICP-AES can be a valid alternative to ICP-MS. Another possibility is the use of electrospray mass spectrometry in the elemental mode. Although not as sensitive as ICP-MS, it avoids the polyatomic interferences for some elements and offers an immediate possibility of compound identi® cation. 42 The progress in LC-based coupled techniques is determined by two trends in chromatography. One is to increase the concentration of the eluting analyte (microbore and capillary HPLC) at reduced¯ow rates (1± 100 m L min 2 1 ). The other is to decrease the grain size, which allows one to reduce signi® cantly the column length and to increase the resolution at¯ow rates of 1± 1.5 mL min 2 1 . Both approaches reduce the sample volume injected to 1± 10 m L and require an advanced interface to match the analyte level in a real sample. The DIN is favored for low¯ow rates owing to the small dead volume. Higher¯ow rates are better handled by HHPNÐ which, when followed by desolvation of the aerosol, may offer a true (in terms of concentration) gain in sensitivity. The considerations regarding the choice of the interface in terms of the mobile phase¯ow rate are summarized in Fig. 6 .
In contrast to GC-based techniques, for which the market is wellde® ned but shallow, the prognoses for LC techniques in speciation analysis are brilliant but vague. This is because of dif® culties in the de® nition of target species. Creation of communication channels with toxicologists, as well as a feedback mechanism, is the prerequisite for the apperance of a market for speciation analyses in clinical chemistry and in the pharmaceutical industry.
Electrophoretic Techniques. The separation mechanism complementary to HPLC and the high-resolution make electrophoretic techniques an important tool for the separation of highly polar compounds with similar structures. Polyacrylamide gel electrophoresis (PAGE) has been successfully applied to metalloproteins, but the impossibility of on-line detection has been responsible for its low popularity in speciation analysis. 25 Capillary-zone electrophoresis has a widely demonstrated potential for the separation of As and Se species and, especially, metallothioneins. 28, 43 Applications to real samples have been rare because the UV detection used was often not capable of either detecting the analyte in a real sample or of con® rming its identity. The major problem in the application of CZE-based coupling to real-world samples is the small sample volume (up to 100 nL), which requires a very sensitive detector to match the naturally occurring analyte concentration levels.
Several interfaces have been proposed for the coupling of CZE to ICP-MS. The interface based on placing the electrophoretic capillary concentrically inside the DIN sample introduction capillary and a makeup ow looks the most promising in terms of commercial availability. 44 The importance of the detector's sensitivity makes high-resolution (HR) ICP-MS the preferred choice. The nanoliter¯ows require the use of a micro-or nanosprayer for electrospray MS to allow on-line structure elucidation.
Overview of Figures of Merit.
Absolute detection limits of the most common coupled techniques used in speciation analysis are summarized in Fig. 7 . Gas chromatography compares favorably with LC owing to the absence of a condensed mobile phase. The argon or helium carrier gas not only enables the quantitative transport of the sample to the detector (no nebulization is necessary) but also, contrary to liquids, accounts for focal point
FIG. 7. Absolute limits of detection for organotin species obtained by the most widely used coupled techniques. Abbreviations: CGC, capillary gas chromatography; PGC, packed-column gas chromatography; QF, quartz furnace; F AAS, ame atomic absorption spectrometry; ICP, inductively coupled plasma; AES, atomic emission spectrometry; DCP, direct-current plasma; CMP, capacitively coupled microwave plasma; CCP, capacitively coupled plasma; MIP, microwave-induced plasma; EIQ, electron-impact ionization quadrupole; LI TOF, laser-induced time of ight; HG, hydride generation.
a low background contribution in the detector itself. The early GC-based coupled systems claimed lower detection limits for more volatile compounds, but later interfaces have avoided the condensation-induced peak broadening and allowed the absolute detection limit (ADL) to be practically independent of the species volatility. Detection limits are negatively affected by the dead volume of the system: they are lower in systems employing capillary separation (GC or LC) and small-volume low-¯ow plasmas (MIP instead of ICP).
To become an objective criterion of sensitivity, the absolute detection limit should be divided by the sample volume tolerated by the coupled system. The best example is the CZE/ICP-MS interface, which offers an ADL of several femtograms; however, the low sample volume that is tolerated sets the concentration detection limit at the low ng mL 2 1 level, which often does not match the analyte concentration in a real sample.
SPECIATION AND AIR POLLUTION
Organometallic compounds may enter the atmosphere through human activity and through biological methylation. The analytes in the gaseous fraction are very volatile and, thus, naturally amenable to low-temperature thermal desorption GC. Sampling is carried out in the ® eld and is integrated with an enrichment step. The sampling train consists of a 0.45-m m ® lter, which separates the gaseous phase (being subject to analysis) from the particulate matter (aerosol), and of a sorbent or cryogenic trap. A moisture trap is included to retain water that would block the cryogenic trap. The sorbent or cryogenic trap is brought to a laboratory and heated, and the retained analytes are passed onto a U-tube ® lled with a chromatographic sorbent (see Fig. 5A ). Gradual heating of the trap releases the analytes to the detector in a time-resolved manner. Because the analysis generally requires high sensitivity, most applications have been done with ICP-MS or axially viewed ICP-AES. 27 Hydrocarbons and CO 2 are the main interferents since they destabilize the plasma. The ICP works well with packed columns, but a capillary column and solvent venting would be necessary for the MIP to avoid the plasma extinction by CO 2 . Krypton is used as an internal standard to correct for plasma instability. If a trap is replaced by a capillary, the latter can be coupled to an electron impact (EI) mass spectrometer to allow the identi® cation of eluted species.
Typical samples include open and workplace atmospheres and gases emitted from domestic waste deposits or from laboratory experiments (e.g., studies of biomethylation by sediments). Figure 8 shows that a chromatogram of an urban atmosphere contains signals of alkyllead compounds coming from the automotive traf® c, atomic mercury released from incineration plants, and, presumably, methyl mercury, a product of possible biomethylation of mercury.
SPECIATION AND WATER POLLUTION
Species of interest include anthropogenic alkylelement compounds (e.g., tributyl and triphenyltin), products of their environmental degradation (di-and monoalkyltin, tri-and dialkyllead species), or products of biomethylation of some elements (e.g., methylmercury). These species are usually amenable to gas chromatography under two conditions. First, they need to be transfered into a nonaqueous phase (gas or organic solvent); second, the thermal stability of some of the species needs to be improved by derivatization. Some redox-state species [e.g., Se(IV)] are selectively derivatized to be purged or extracted into an organic phase. 46 Three basic sample preparation
FIG. 8. A chromatogram obtained for urban air (Bordeaux area) showing the presence of volatile lead and mercury compounds.
45
FIG. 9. A setup for the automated sample preparation for speciation analysis for organotin compounds by GC/MIP-AES.
54 approaches applied to speciation analysis of water include the purgeand-trap approach, liquid± liquid extraction, and solid-phase extraction. The purge-and-trap approach is valid for species dissolved in water (e.g., Me 2 Se) or those that can be transfered in the aqueous phase to hydrides (NaBH 4 ) and ethylides (NaBEt 4 ). 47 Purging and trapping is followed by low-temperature thermal desorption or capillary GC, with the advantages and drawbacks already discussed above. Analytes for solvent extraction can be derivatized in the liquid phase (ethylation with NaBEt 4 for butyl and phenyltins; 48± 50 phenylation with NaBPh 4 for MeHg 1 [51] ), or extracted as a complex [with diethyldithiocarbamate (DDTC) or tropolone], and then derivatized with a Grignard reagent in the organic phase. 52, 53 Another alternative is solid-phase extraction. 54 In the system illustrated in Fig. 9 , ionic organotin compounds are retained on a C 18 microcolumn and derivatized in situ by a stream of NaBEt 4 in an aqueous buffer. The tetraalkylltin compounds are eluted with a small volume of methanol prior to analysis by GC.
Some species [Cr(VI), high-molecular-weight humic and fulvic acid complexes] cannot be volatilized. For these species, and often for the redox states of arsenic and selenium, the LC/ICP-MS coupled approach is advised. 39, 56, 57 
SPECIATION AND PRISTINE ENVIRONMENTS
Speciation of organic forms of elements (Se, As, Pb, Hg) in pristine environments (open ocean water, high-mountain glaciers, polar ice, and snow caps) is a source of valuable information regarding global metal transport phenomena and biogeochemical cycles of elements. In particular, speciation of alkyllead compounds (used as antiknock compounds in gasoline since 1923) naturally stored in successive precisely dated polar ice and snow sheets (at concentrations presumed to be proportional to those existing in the polar atmosphere at the time of precipitation) contributes to the reconstruction of the history of global pollution by automotive lead and to the effort to identify its continental origins and extent. 58, 59 The use of organolead compounds as tracers in atmospheric chemistry of the remote environment touches the frontiers of analytical chemistry. Indeed, considering the total lead concentrations in Greenland snow focal point
FIG. 10. Organolead in deep Greenland ice. (A) Chromatogram obtained by GC/MIP-AES for a sample of deep Greenland snow; 60 (B) variations of the total organolead concentration in a snow core sampled at the summit site (Central Greenland).
61
FIG. 10. Continued
(1± 300 pg/g) and the fraction of organolead (0.1± 0.5%, split into a variety of species), a method for the determination of organolead compounds down to the low fg g 2 1 level on the basis of a several-grams sample is needed. The coupling of capillary GC with an MIP AES should be preceded by (1) a microextraction technique that allows virtually quantitative recovery of ionic alkylleads as DDTC complexes in the hexane phase with a preconcentration factor of 400; (2) microvolume propylation with PrMgCl followed by destruction of the excess Grignard reagent; and (3) an on-line preconcentration technique by solvent venting, enabling introduction of large volumes (50± 100 m L) on a capillary column. This procedure, described in detail elsewhere, allows one to achieve a detection limit at the 10 fg g 2 1 level, controlled by the blank. 60 Rigorous control of contamination during sampling, transport, and storage of
FIG. 11. Microwave-assisted speciation analysis for butyltin compounds in sediments. (A) Scheme of the sample prepration procedure; (B) chromatogram obtained by capillary GC-AES for a certi ed reference material, BCR 462.
FIG. 11. Continued
samples is a prerequisite for valid analysis to eliminate the contamination risk. 58± 61 A typical chromatogram for a deep snow-core sample is shown in Fig. 10A , whereas the variations of the total organolead concentration in the Arctic atmosphere during the present century are illustrated in Fig. 10B . 61 
SPECIATION AND POLLUTION OF DUST, SEDIMENT, AND SOIL
Speciation analysis in solid materials requires, in the ® rst stage, the separation of analytes from the matrix. As organometallic compounds are apparently not involved in mineralogical processes and bind onto the surface of dust, sediment, and soil, the complete dissolution of the sample prior to analysis is not considered necessary. The basic approaches to release organometallic compounds from the sediment rely on (1) acid (HCl, HBr, CH 3 COOH) leaching assisted by sonication, and (2) extraction (Soxhlet) with an organic solvent in the presence of a complexing agent (tropolone, DDTC). 62, 63 Steam distillation was reported to be successful for methylmercury. 64 For sediment, soil, and dust, the need for a cumbersome sample preparation step is the virtual Achilles heel of the whole analytical procedure. Indeed, the classic leaching procedures are not only extremely time-consuming (1 h to 2 days are required); they are also usually inef® cient, in terms of analyte recovery, and unreliable. As shown by Chau and co-workers, 65 only three out of ten sample preparation methods described in the literature for the analysis of sediments were able to recover more than 90% of Bu 3 Sn 1 , whereas none of them was able to recover monobutyltin (BuSn 31 ) in a nonerratic and reproducible manner. Substantial progress towards faster and potentially automated speciation analysis of sediments was achieved by supercritical¯uid extraction. 66 Besides the high equipment cost, the extraction step still requires 10± 50 min, and the recoveries of many species are far from being quantitative.
focal point
FIG. 12. Microwave-assisted integrated sample preparation for speciation analysis of organotin compounds in biological tissues by gas chromatography coupled with atomic spectrometry.
A recent attractive possibility is microwave-assisted digestion in a focused low-power microwave ® eld, which offers quantitative recovery of analytes from the matrix within a few minutes without destroying the carbon± metal bonds. 67± 70 A scheme of the analytical procedure for speciation of organotins in sediment and an example chromatogram are shown in Figs. 11A and 11B , respectively.
Whereas speciation of anthropogenic organometallic moieties seems to be hampered only by tediousness and nonquantitative extraction yields, more important problems concern the lability of most species of interest. The most widely described is the case of Cr(VI) in contaminated soil. In order to enable quantitative species-selective determination, all the forms of Cr(VI) should be dissolved, while the oxidation of Cr(III) and reduction of Cr(VI) should be minimized. Also in this case, low-power focused microwave-assisted extraction seems to be an appropriate sample preparation approach. 71 With most metal-ligand species being poorly de® ned, speciation in sediments had, until recently, been covered only by operationally de-® ned methods (e.g., hexane-leachable lead) but the recent progress in HPLC± ICP-MS foreshadows rapid progress in this ® eld. 57 The elementselective information should be completed by a parallel characterization of the molecules eluted (e.g., by LC± MS).
SPECIATION AND CONTAMINATION OF BIOTA
In contrast to the cases of sediments and soils, organometallic compounds may be incorporated in tissues of a living organism. Therefore, solubilization or decomposition of biological materials prior to extraction separation of the analytes is advised. 72 A suitable digestion (hydrolysis) procedure should allow for complete destruction of the matrix while the organometallic moiety remains unchanged. The principal approaches have included (1) acid hydrolysis with HCl (for organomercury compounds); (2) alkaline hydrolysis with methanolic NaOH or with tetramethylammonium hydroxide (TMAH); and (3) enzymatic hydrolysis with a mixture of lipase and protease.
Recent trends in speciation analysis for anthropogenic alkylelement compounds in biological materials include the acceleration of the hydrolysis by carrying it out in a microwave ® eld 68± 70,73 and the integration of the solubilization, derivatization, and extraction steps into a one-step procedure. 73, 74 The time necessary for dissolution of biotissue can thus be reduced from 1± 4 h to 3 min. Under suitable experimental conditions (hydrolysis with acetic acid carried out in a low-power focused microwave ® eld in the presence of NaBEt 4 and nonane), these 3 min are suf® cient to produce a solution (derivatized species in an organic solvent) that could be injected onto a GC column (Fig. 12) . 73 Figure 13 illustrates the contribution of individual sample preparation, separation, and determination steps to the total analysis time. It shows that a careful optimization of wet chemistry under microwave-assisted conditions opens the way for integration of the sample preparation procedure into an automated analytical system, even for solid materials. 68,73,75± 78 
SPECIATION AND WINE
Many French vineyards are located in the vicinity of busy motorways, which makes them a target of automotive pollution. Increased concentrations of trimethyllead in wines produced from grapes from such areas have been reported. 79 Figure 14A shows a typical chromatogram of a wine sample obtained after extraction of alkyllead DDTC complexes into the organic phase and their derivatization with propylmagnesium chloride (Grignard reagent). 80 Even if organolead is much more toxic than mineral lead, the concentrations cannot be considered toxic. However, being characteristic of automotive pollution, organolead is an excellent tracer of pollution over a period of several decades, whereas wine serves as an archive of this pollution. Figure 14B shows changes in the concentration of Me 3 Pb 1 and Et 3 Pb 1 over a period of 40 years in a renowned French wine, Cha Ã teauneufdu-Pape. 81 The pattern of Me 3 Pb 1 variation follows the consumption of leaded gasoline in the Western Europe. No methyllead was found in the 1950 vintage, since this particular compound was ® rst introduced only in 1960, and apparently no natural biomethylation of inorganic lead occurs in wine. 79 The introduction of regulatory measures to reduce the lead level in gasoline in the early 1980s is re¯ected by a sharp decrease in the contamination of wine. On the other hand, Et 3 Pb 1 is already present in the oldest vintage investigated (i.e., 1950). Its concentration triples in 1962, drops sharply in the mid-1960s as a consequence of a sudden increase in the fraction of methyllead used, and then slowly decreases in the 1980s owing to the decrease in the overall leaded gasoline consumption.
SPECIATION AND BIOMOLECULES
Metals are distributed in living organisms among many biomolecules including aminoacids, oligopeptides (MW , 2000), small polypeptides (e.g., metallothioneins) (MW , 20000), and large-molecular-weight proteins (MW up to 500,000 Da). Except for selenium, which can form a Se± C bond in amino acids that further constitute polypeptides, elements are generally bound to the peptide ligands by coordination bonds. The risk of breaking up the original metal± protein bond during the sample preparation and chromatographic separation steps, insuf-® cient detection of the element in the eluting fraction, and contamination are the major obstacles in speciation analysis for metal-containing biomolecules.
The key challenges to analytical chemistry of metalloproteins include: (1) selectivity with regard to the different iso-and sub-isoforms of the protein, (2) selectivity with regard to metal, and (3) sensitivity able to cope with the noninduced levels in real-world samples. Coupled techniques offer an attractive solution to match these challenges, but developments in terms of both the separation and the detection level are necessary. 82 The use of a liquid chromatographic technique requires the sample to pass through a 0.2-m m ® lter to focal point
FIG. 14. Speciation analysis in wine. (A) Chromatogram of organolead in wine (Condrieu, 1990) obtained after extraction of ionic alkyllead species as DDTC complexes into hexane and propylation with a Grignard reagent; 80 (B) wine as an archive of environmental pollution: changes of concentration of trimethyl and triethyllead as a function of vintage (Châteauneuf-du-Pape).
81 avoid the blockage of the column. For liquid samples, ® ltration or ultracentrifugation is suf® cient, whereas solid samples need to be homogenated with a buffer (sometimes containing an ion-pairing agent to facilitate transfer of the proteins to the aqueous phase) and ultracentrifuged. Figure 15 shows schematically the analytical train in speciation of metallothioneins.
On the level of analysis, several orthogonal (complementary) approaches have been demonstrated. 83 The coupling of size-exclusion chromatography with¯ame AAS, ICP-AES, or ICP-MS allows the metalcontaining compounds in the sample to be separated into several fractions according to the molecular weight. The fractions are identi® ed on the basis of the characteristics of the column obtained with the molecular weight markers (Fig. 16A ). In the case where this information is suf® -cient and a standard is available (e.g., metallothionein determination), the compound can be quanti-® ed by using a calibration graph.
The purity of the peaks obtained by SEC can be con® rmed by using a different separation principle. Figure 16B shows the separation of MT-1 and MT-2 isoforms (which elute at the same retention time in SEC) by reversed-phase chromatography with ICP-MS detection. A different separation mechanism (e.g., electrophoretic mobility) and a high resolution of capillary-zone electrophoresis allow the separation of the major isoforms into subisoforms, often varying by one amino acid only. 28, 43, 82 The increasing resolution of the separation techniques and the unavailability of standards put emphasis on the role of electrospray mass spectrometry for the identi® cation of the metallocompounds present in the sample. 84 Direct analysis of a roughly puri® ed metallothionein allows one to determine the degree of metallation as well as the presence of various isoforms and possibly other proteins (e.g. superoxide dismutase). Electrospray ionization (ESI)-MS employed as an on-line HPLC detector becomes a powerful tool for the identi® cation of the eluted compounds.
RELIABILITY OF SPECIATION DATA
Reliability of the Qualitative Instrum en tal Resp onse. The reliability of the information obtained is based on the elemental selectivity of the detector and on the quality and reproducibility of the separation. The elemental identity can be con® rmed and the signal spectral purity checked by taking an emission spectrum at the peak apex (AES techniques) or by monitoring the isotopic pattern (in ICP-MS) (Fig. 17) . A more reliable proof of identity can be obtained by directing the divided efuent to an atomic emission and a mass spectrometer and comparing the response. However, apart from the fact that few laboratories have both techniques coupled to chromatography, the detection limits of ICP-AES may not be suf® cient for some analytes, and also some elements may not be readily determinable by ICP-MS.
The identi® cation of analyte compounds is based, in the simplest case, on the retention times of their standards. These can be in¯uenced by the column, matrix, and separation conditions, but within the same laboratory an acceptable level of quality control is achieved. The problem is that standards are generally not available. The exceptions are a small number of anthropogenic pollutants, but they are not necessarily products of environmental degradation of these pollutants. Some compounds can be custom-synthesized; the use of mass spectrometry (electron impact, chemical ionization, or electrospray) to con® rm their structural identity is mandatory. In practice, there is often a need for the prediction of retention times by interpolation or extrapolation of the retention times of the available standards.
The reliability of identi® cation based on the retention time is highly dependent on the quality of separation. The better the resolution, the lower the probability that an unknown and unaccounted-for compound elutes at the retention time of the analyte. Whereas the presence of an unknown compound is unlikely to be a serious source of misidenti® cation in the case of analysis for anthropogenic pollutants, it does become serious when the species' complexity (molecular mass) increases and a variety of similar structures exist (metal-binding proteins). For this reason, there is a need for orthogonal (independent) separation techniques for the same applications. The most suitable choice seems to be the parallel use of GC and HPLC (for lowmolecular-mass compounds) and that of HPLC and CZE for high-molecular-mass compounds.
An alternative is the con® rmation of the molecular identity by soft mass spectrometry or IR spectroscopy. Even if some incompatibilities occur in terms of the detection limits and matrix interference, electron-impact MS for GC detection and electrospray MS for LC and CZE detection are important complementary tools for species-selective analysis.
Reliability of the Quantitative Instrumental Response. It is common that species respond at the detector in a different way, depending on the organic part of the molecule. Internal standard calibration may thus turn out to be inappropriate. Use of the calibration curve or of the method of standard addition requires the availability of standards that are scarce. A method to solve the problem is on-line post-column conversion of the analyte species into one form, e.g., a hydride, as in the case of HPLC of arsenic and selenium species. Harsh UV radiation, thermochemical, or microwave-assisted techniques have been proposed to assure a species-independent response in the plasma in the above way. 41 Identi® cation of the target species and their isolation (or synthesis), to be used later as a standard, is a more tedious but also more reliable way to assure the reliability of quanti® cation.
Reliability of the Analytical Result. The validity of the instrumental response is the prerequisite for the validity of analytical results. Sample preparation procedure can, however, also be responsible for interferences falsifying the analytical results. In- terferences in speciation analysis for organolead and tin have been comprehensively discussed. 85 The role of the Measurement and Testing program (formerly BCR, Bureau Communautaire de Reference) and other national and international agencies cannot be overestimated. 86 Roundrobin exercises explore the possibilities of production of species-certi-® ed reference materials (Al, Se, Sb, Cr, Pb, or Hg). The number of certi® ed reference materials for speciation is limited. The species with the certi® ed concentrations include butyl and triphenyl tin, methyllead and methyl mercury in environmental water, sediment, and biomaterial.
CONCLUSION
Both separation and spectrometric techniques are undergoing a rapid development, and advances in any of these ® elds break new frontiers in speciation analysis. The high resolution and the availability of sensitive element-selective detectors historically favored GC over LC, despite the need for conversion of analytes into volatile species (derivatization). Now the situation has changed simply because the number of volatile compounds is limited. The advances in gas chromatography are focused on sample preparation and on-line preconcentration towards compact automated systems. On the other hand, the importance of metal-containing biomolecules as targets in speciation analysis stimulates the use of liquid chromatography and capillary-zone electrophoresis. These techniques are expected to dominate the``speciation' ' market soon.
The faster, more senstitive, and less interference-prone methods for species-selective analysis reported in every new issue of any analytical chemistry journal feed the statistics, showing the continuous (rapid, exponential, . . .) increase in the number of speciation-relevant papers. These statistics are indeed truly impressive, but a closer look at papers with the keyword``speciation'' will reveal that only a very small fraction of them has at its origin a real-world problem other than the desire to apply a recently bought or developed sophisticated instrument to a publishable, however imaginary, analytical task. The desperate quest for a real-world sample in many publications, in order to demonstrate the usefulness of a recently developed instrumental method in clinical and environmental chemistry, is often all too evident. The ideas which will make a breakthrough are not likely to come from analytical chemists.
The evaluation of risks posed by metals and metalloids to human health and to the environment can, however, not be properly done except through knowledge of their speciation in the environment, in foodstuffs, and in human tissues. To be effective, research in these ® elds has to be multidisciplinary and must not be carried out in isolation. Speciation, being at the crossroads of interest of many disciplines, can pro® t from this interdisciplinarity to the same degree that it can suffer from the lack of it. The need for an interface between analytical chemists and ecoand clinical toxicologists is urgent and is the prerequisite to fertilize speciation-related research with novel ideas.
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